The prognostic significance of perineural invasion by prostate cancer is debated. We have evaluated the association between biochemical failure and measurements of perineural invasion in radical prostatectomy specimens. Perineural invasion was identified in sections using S-100 protein immunostaining. For nerves showing invasion, the involved nerve closest to the edge of the prostate and to the surgical excision margin, as well as the diameter of these nerves, the largest nerve showing perineural invasion and its proximity to the excision margin, and the percentage of nerves showing perineural invasion up to 1.75 mm from the excision margin was determined and tested against time to prostate-specific antigen failure, along with preoperative prostate-specific antigen levels, highest Gleason primary grade, Gleason score and TNM T category. Perineural invasion was present in 90% of cases, with extraprostatic perineural invasion in 25% of tumors. Diameter of nerves showing perineural invasion ranged from 11 to 680 lm and the shortest distance to the surgical excision margin ranged from 33 to 2.57 mm. Perineural invasion density ranged from 6 to 96%. Gleason scores were six in 58 cases, seven in 43 cases, eight in three cases and nine in one case. Clinical T categories were T1c in 75 cases, T2a in 22 cases, T2b in five cases, T2c in two cases, T3 in one case. During a follow-up period of 11 to 55 months (median 26 months), 27 patients showed prostate-specific antigen failure. On univariate analysis only presence of extraprostatic perineural invasion, among parameters of perineural invasion, showed a weak correlation with outcome, while on multivariate analysis this lost significance and preoperative prostatespecific antigen levels, Gleason score and excision margin status were independently associated with biochemical failure. We conclude that the investigated parameters of perineural invasion do not predict prostate-specific antigen recurrence in radical prostatectomy specimens.
Tumor recurrence or biochemical failure, following attempted curative radical prostatectomy for prostatic adenocarcinoma, is somewhat unpredictable for individual cases. A variety of prognostic parameters have been proposed for these tumors and, in 1999, the College of American Pathologists Consensus Group determined that of these parameters, preoperative serum prostatic-specific antigen (PSA) levels, Gleason score, tumor stage and infiltration of the prostatic capsule by tumor were of proven prognostic significance. 1 These features have been incorporated into a proposed prognostic nomogram designed to predict recurrence following curative radical prostatectomy. 2 The College of American Pathologists Consensus Group further determined that a variety of other proposed prognostic parameters were of unproven clinical value and specifically noted that perineural invasion by tumor required further evaluation as a marker of clinical outcome.
A number of studies have investigated the prognostic utility of perineural invasion in both thin core biopsies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and radical prostatectomy specimens [13] [14] [15] [16] [17] [18] [19] [20] with variable results. In the majority of these studies, the absence or presence of perineural invasion was compared with outcome, although, in one study the diameter of the nerve and perineural infiltrate was investigated.
It has been suggested that the stroma of the perineural sheath promotes tumor growth and that the perineural space acts as a conduit facilitating extraprostatic tumor spread. 21 In view of this, it would seem intuitive that widespread perineural invasion infiltration of large diameter nerves, and a close proximity of nerves showing perineural invasion to either the prostatic capsule or surgical excision margin may more frequently be associated with biochemical or clinical recurrence and thus have prognostic significance. This study was undertaken to investigate the association between detailed parameters of perineural invasion and biochemical failure in a consecutive series of radical prostatectomy specimens, and to compare these results with those obtained from assessment of established prognostic parameters for prostatic adenocarcinoma.
Materials and methods
Sections from consecutive radical prostatectomies, performed following histological diagnosis of prostate carcinoma on thin core biopsy in private urological practices in Wellington, New Zealand, between October 1998 and June 2002, were reviewed. The age of the patient at presentation, pretreatment PSA levels and clinical T category were recorded. For each case the whole prostate had been serially sectioned in the gross and all material embedded. Sections were re-examined, and the highest Gleason pattern grade, Gleason score, presence of extraprostatic extension by tumor and excision margin status were determined. In addition, all sections from each case, which contained tumor and included a peripheral zone resection margin were identified. The tissue blocks of these sections were retrieved and fresh sections were then cut and were stained for S-100 protein utilizing routine immunohistochemical methods. Briefly, sections were stained using the streptavidin-biotin method following microwave pretreatment in citrate buffer. Sections were labeled with S-100 protein (Dako, ZO311 Dako Corporation, Carpinteria, CA, USA) followed by biotinylated swine antirabbit (Dako, EO353) and avidin-biotin complex (Dako K0377), Dako Liquid DAB substrate-chromagen system (Dako K3466) with counterstaining by Harris's haematoxylin. S-100 antibody proteinstained sections were examined by light microscopy for evidence of perineural invasion by prostate adenocarcinoma and in those cases where perineural invasion by tumor was identified, the following parameters were determined using a Zeiss Integration eyepiece calibrated for each microscope objective (magnification Â 2, Â 4, Â 10, Â 20 and Â 40); (1) the closest distance to the edge of the prostate of any nerve showing perineural invasion and the cross-sectional diameter of the nerve, (2) the closest distance of any nerve showing perineural invasion to the peripheral zone resection margin (either prostatic or extraprostatic) and the cross-sectional diameter of the nerve, (3) the cross-sectional diameter of the largest nerve showing perineural invasion and the distance of this nerve from the peripheral zone excision margin and (4) perineural invasion density-being the percentage of nerves showing perineural invasion within the superficial peripheral zone (measured from the edge of prostatic capsule to a depth of 1.75 mm within the prostate).
Patients were followed at two to six monthly intervals and follow-up PSA levels were recorded to detect biochemical failure, which was defined as a persistent elevation in serum PSA levels of 40.1 ng/ml.
Results
One hundred and five radical prostatectomies were undertaken in the period under review in patients ranging in age from 47 to 73 years at diagnosis (mean 58 years). Preoperative serum PSA ranged from 0.8 to 52 ng/ml with a mean of 8.4 ng/ml. The clinical and histological features of the tumors in the series are summarized in Table 1 .
The number of sections per case stained for S-100 protein ranged from three to 24 per case (median 12). Perineural invasion by prostatic adenocarcinoma ( Figure 1 ) was identified in 93 cases (90%). Perineural invasion was found to be confined to the prostate in 70 cases (75%), while in 23 cases (25%) there was perineural invasion within extraprostatic tissue. In those cases where tumor was confined within the edge of the prostate, the minimal distance between nerves showing perineural invasion and the prostatic margin for each case ranged from 5 mm to 1.66 mm, with the diameter of these nerves ranging from 13 to 350 mm. The closest distance between nerves showing perineural invasion and the peripheral zone resection margin ranged from 33 mm to 2.57 mm and the cross-sectional diameter of these nerves ranged from 11 to 680 mm. The crosssectional diameter of the largest nerve showing perineural invasion in each case ranged from 32 to 680 mm and the distance of these nerves from the peripheral zone excision margin ranged from 75 mm to 3.64 mm. The percentage of nerves showing perineural invasion within 1.75 mm of the edge of the prostate (perineural invasion density) ranged from six to 96%.
Follow-up data were available for all 105 patients. Follow-up intervals ranged from 11 to 55 months (median, 26 months, mean 28.5 months, s.d. 10.73) and during this period 27 patients demonstrated biochemical relapse, with the relapse interval ranging from 3 to 47 months.
Univariate analyses of clinical and histological parameters showed preoperative serum PSA levels modeled as a continuous variable (Cox coefficient ¼ 0.117, Po0.01), highest Gleason pattern grade (log-rank ¼ 11.42, P ¼ 0.0017), Gleason score (logrank ¼ 16.88, Po0.001) and surgical margin status (log-rank P ¼ 6.74, P ¼ 0.007) to be significantly associated with biochemical failure. The association of PSA failure with presence of tumor beyond the edge of the prostate also achieved statistical significance (log-rank P ¼ 3.01, P ¼ 0.048), despite the small number of cases in the series that demonstrated this feature.
Of the measured parameters of perineural invasion, division of cases according to the presence or absence of perineural invasion beyond the edge of the prostate showed a weakly significant association (P ¼ 0.047) with biochemical failure (Figure 2 , Table 2 ). The presence or absence of perineural invasion within the prostate, the distance of the closest nerve showing perineural invasion to the prostatic capsule or to the surgical excision margin, and the maximum cross-sectional diameter of these nerves, the cross-sectional diameter of the largest nerve showing perineural invasion in each tumor and the proximity of these to the surgical resection margin, and the perineural invasion density all failed to show a significant association with biochemical failure (Table 2 ). Multivariate analysis, modeling preoperative serum PSA levels, Gleason score, surgical margin status and the presence of extraprostatic perineural invasion, using Cox's step-down regression, showed only preoperative serum PSA levels, Gleason score and surgical margin status to retain a significant association with postoperative biochemical failure ( Table 2) .
Discussion
The prognostic utility of perineural invasion in radical prostatectomy specimens is debated with conflicting results being reported from different series. In particular the presence of perineural invasion has been shown to either correlate [13] [14] [15] [16] 19, 20 or have no association 17, 18 with biochemical (PSA) recurrence or disease-free survival, following radical prostatectomy on univariate statistical analysis. In those studies where multivariate analysis was undertaken and in which perineural invasion was modeled with various clinical parameters against PSA recurrence, perineural invasion failed to retain significance in analyses that included preoperative serum PSA Extraprostatic extension 10 5 Figure 2 Kaplan-Meier curve for cases divided according to presence or absence of extraprostatic perineural invasion by tumor (P ¼ 0.047).
Parameters of perineural invasion AD Merrilees et al level, stage, Gleason score and/or the presence of lymph node metastases. [13] [14] [15] 20 Despite this one study has shown perineural invasion to significantly correlate with time to biochemical recurrence and this retained significance, along with the presence of lymph node metastases and positive surgical margins, on multivariate testing. 16 The presence of perineural invasion has also been shown to have a greater positive-predictive value for PSA recurrence than either Gleason score Z7 and preoperative serum PSA 410 ng/ml. 22 These findings, however, are contradicted by the rather surprising observation that the presence of perineural invasion was associated with increased biochemical recurrence-free survival interval. 19 While perineural invasion is recognized as a common feature of prostate adenocarcinoma in glands removed by radical prostatectomy, the proportion of involved nerves varies from series to series. In studies based upon a review of pathology reports, without re-examination of histology, perineural invasion was noted in 31.9-60.5% of specimens, 16, 22, 23 while in series in which review of sections was undertaken, the incidence ranged from 74 to 84%, with the majority series being in the order of 75%. [13] [14] [15] [17] [18] [19] Our finding that 90% of specimens showed perineural invasion, following identification of nerves using S-100 protein immunostaining, demonstrates that even after review, some nerves showing perineural invasion are overlooked. It is of interest that the two series that showed perineural invasion to have a significant association with biochemical recurrence on multivariate analysis were based on examination of histology reporting without formal review of the sections by a pathologist. 16, 22 This, along with small sample size of some series, may have acted as a confounding influence in previous studies that have investigated the prognostic significance of perineural invasion in radical prostatectomy specimens.
Of the parameters of perineural invasion that we studied, the presence of perineural invasion beyond the edge of the prostate showed a weak correlation with biochemical failure (P ¼ 0.047), which was lost on multivariate analysis. Extraprostatic extension by tumor is recognized as having an association with tumor recurrence, being the defining feature of the pT3a category of the AJCC staging system for prostatic adenocarcinoma. 24 The prognostic significance of this parameter has been recently confirmed and it has been further shown that radial distance of extraprostatic spread correlates with biochemical failure. 25 Our finding of a weak association between extraprostatic perineural invasion and biochemical failure may simply be a reflection of the poor prognosis associated with extraprostatic tumor spread. The observation that this parameter failed to retain prognostic significance in a multivariate analysis that included other parameters of tumor spread suggests that the perineural location of extraprostatic tumor deposits does not itself facilitate tumor dissemination.
In an attempt to improve the prognostic utility of perineural invasion in radical prostatectomy specimens, Maru et al, 15 stratified tumors showing perineural invasion according to the cross-sectioned diameter of the largest involved nerve. They demonstrated that, while the presence or absence of perineural invasion was not significantly associated with tumor progression on multivariate analysis, diameter of involved nerves was associated with progression. When cases were grouped at intervals of 0.25 mm according to largest nerve diameter, increasing diameter correlated with higher pathologic stage, increasing tumor volume, and for nerves showing perineural invasion tumors within crosssectional diameters 0.25 to o0.50 mm, 0.50 to o0.75 mm and Z0.75 mm, increasing likelihood of biochemical recurrence. In that study, the perineural invasion diameter was taken as the sum of the nerve diameter and the diameter of investing tumor. As such, high perineural invasion diameters could represent either a small volume tumor infiltrating a large diameter nerve or extensive tumor growth in and around the perineural sheath of a small nerve. We attempted to quantify the tumor volume of each involved nerve but found difficulties associated with reproducibility due to frequent eccentric distribution of tumor deposits. Further, there was considerable variation in the volume of tumor at different points along individual nerves (data not shown) and we considered that this had the potential to introduce an unacceptable level of sampling error into the assessment. Because of these difficulties we confined our measurement to the diameter of the involved nerve, rather than a combined diameter of tumor and nerve, and have demonstrated that this shows no correlation with biochemical recurrence when modeled as a continuous variable. This would suggest that the observed correlation between perineural invasion diameter and tumor progression as determined by Maru et al, 15 is dependent on the volume of the perineural tumor infiltrate, which in turn, may simply reflect tumor growth rate.
It has been demonstrated, in both in vitro models and in human tissue samples that, following invasion into the perineural space, tumor cells show increased proliferative activity and a decreased apoptotic rate. 26 It is also recognized that proximity of intraprostatic tumor to the resection margin in radical prostatectomy specimens is not of prognostic significance. 27 In view of this, our finding that the presence of proximity of perineural invasion to the prostatic capsule or excision margin is not associated with a higher rate of biochemical failure implies that, while infiltration of the perineural space may promote local tumor growth, it does not necessarily facilitate extraprostatic spread.
In conclusion this study has shown that parameters of perineural invasion are not of prognostic significance, as determined by PSA recurrence, for patients with prostate adenocarcinoma who have undergone radical prostatectomy.
